Although preis chemic hyperglycemia is known to aggravate damage due to transient ischemia, it is a matter of controversy whether or not this is a result of the exaggerated acidosis. It has recently been reported that although tissue acidosis of a comparable severity could be induced in normoglycemic dogs by an excessive rise in arterial CO2 tension, short-term functional recov ery was improved, rather than compromised. In the present experiments we induced excessive hypercapnia (P ac02, -300 mm Hg) in normoglycemic rats before in ducing forebrain ischemia of lO-min duration. This re duced the brain extracellular pH to values normally en countered in hyperglycemic rats subjected to ischemia.
As discussed in recent review articles, preisch emic hyperglycemia invariably aggravates brain damage due to severe transient ischemia (Siesj6, 1988; Siesj6 et aI., 1993) . The aggravation is ob served whether the ischemia is complete or near complete, and whether it is of the global or the fore brain type; in fact, hyperglycemia also aggravates damage due to focal ischemia, if the latter is tran sient and of a brief duration (Nedergaard, 1987) . In most published reports, the hyperglycemia has been marked to excessive; however, even very moderate hyperglycemia aggravates damage (Pulsinelli et aI., 1982) . Hyperglycemia affects ischemic brain dam age in four principal ways: It accelerates the evolu tion of the damage, it disrupts the blood-brain bar-rier, it predisposes to pannecrotic lesions (infarc tion), and it triggers postischemic seizures, which are often fatal (Myers and Yamaguchi, 1977; Siem kowicz and Hansen, 1978; Kalimo et aI., 1981; Pulsinelli et aI., 1982; Smith et aI., 1988; Lundgren et aI., 1992; Dietrich et aI., 1993) . In rats with fore brain ischemia, hyperglycemia also leads to necro sis of the substantia nigra, pars reticulata (SNPR) (Inamura et aI., 1987; Smith et aI., 1988) .
It is an open question whether the detrimental effects of preis chemic hyperglycemia are exerted via an exaggeration of the intra-and extracellular acidosis. The acidosis associated with extreme hy percapnia in nonischemic animals does not interfere with cellular energy production (Folbergrova et aI., 1975; Litt et aI., 1985; Xu et aI., 1991) , and extreme hypercapnia (Peo2 -320 mm Hg) of 75-min duration fails to cause histological brain damage (Cohen et aI., 1990) . In fact, even if rats are ventilated with CO2 tensions of 750 mm Hg, neurological recovery is not affected (Xu et aI., 1991) . This suggests that if acidosis is detrimental in ischemia, it is because a lowering of the pH works in conjunction with other sequelae of energy failure.
It has recently been shown that when intraisch emic acidosis was enhanced by preischemic hyper capnia rather than by hyperglycemia, short-term functional recovery was not adversely affected but, rather, improved (Hum et aI., 1991b) . These results raised the question whether the seemingly benefi cial effect of hypercapnia was related to preserva tion of the HC03 -content (Hum et aI., 1991b) . In theory, such an effect could reflect a lower rate of free radical production triggered by release of prooxidant iron, simply because a relative rise in HC03 -content could stabilize the binding of Fe 3 + to proteins of the transferrin type (Siesjo et aI., 1985; Rehncrona et aI., 1989) .
In the present experiments, we raised the P aco2 to about 300 mm Hg before inducing ischemia in normoglycemic subjects. Control animals were nor moglycemic and normocapnic but subjected to the same period of ischemia. Measurements of extra cellular pH (pHe) showed that hypercapnia in nor moglycemic animals gave an acidosis comparable to that observed in normocapnic hyperglycemic ani mals. Animals with induced hypercapnia clearly showed more pronounced neuronal necrosis, sug gesting that acidosis exaggerated ischemic brain damage. However, the hypercapnic animals failed to develop postischemic seizures.
METHODS
Male Wistar rats were fasted overnight but allowed free access to tap water. Rats were intubated under anesthesia with 3% halothane in 70% N20 and 30% O2 and artifi cially ventilated. Halothane was maintained at 0.3-0.5% during all experiments but was withdrawn after the induc tion of hypercapnia. This protocol was followed because halothane-anesthetized animals sometimes tolerate isch emia with extreme hypercapnia poorly and because 45% CO2 is anesthetic. The tail artery, tail vein, and right jug ular vein were cannulated and the common carotid arter ies were isolated via a neck incision. The electroenceph alogram was recorded. Skull temperature was monitored by insertion of a temperature probe under the skin of the scalp (Minamisawa et al., 1990) . Muscle paralysis was maintained with continuous infusion of N orcuron (1 mg h-I).
Incomplete ischemia of to-min duration was induced by lowering the blood pressure to 50 mm Hg by exsan guination of blood via the central venous catheter, fol lowed by clamping of both common carotid arteries (for details, see Smith et ai., 1984) . After 10-15 min of recir culation, the catheters were removed, the neck incisions were closed with sutures, and the animals were allowed 7 days of recovery. The animals were observed during the recovery period and the incidence of seizures was noted. On day 7, the animals were perfusion-fixed with 4% form aldehyde, buffered to pH 7.35 (for details, see Smith et al., 1988) . The extent of neuronal damage was evaluated by light microscopy in a blinded fashion. Structures ex amined were the caudoputamen at the level of the J Cereb Blood Flow Metab, Vol. 14, No.2, 1994 bregma, the neocortex, and the CAl sector of the hippo campus at bregma -3.8 mm. In the caudoputamen the percentage injured area was estimated, in the neocortex the number of dead cells in one section was counted, and in the CAl pyramidal cell layer the surviving and/or ne crotic neurons in one section were counted.
Two series of experiments were conducted. The first was for histological examination. This series comprised normoglycemic normocapnic rats subjected to to min of ischemia (n = 9) and normoglycemic rats with extreme hypercapnia before and during the ischemia (n = 11). To produce hypercapnic ischemia, rats were ventilated with 40-45% CO2 with 40% O2 and 20% N20 for 5 to to min before ischemia and continually throughout the ischemic period. When recirculation was started, the CO2 supply was quickly reduced and completely discontinued within the first 2-3 min. We also studied hyperglycemic rats with plasma glucose maintained at about 20 mM for 30 min prior to ischemia; however, since such animals are known to die with postischemic seizures during the first 1-2 days of recovery (Smith et ai., 1988; Lundgren et al., 1992) , we confirmed that this occurred only in two rats, which were not included in the histopathological study. The histolog ical changes at 15 h of recovery after hyperglycemic isch emia have been extensively studied (Smith et ai., 1988; Lundgren et ai., 1992) .
In the second series of experiments, double-barreled ion-sensitive pH microelectrodes were placed in brain cortical tissue. Rats were made either hyperglycemic or hypercapnic, and the pHe was measured before and dur ing ischemia (at a constant cortical temperature) to con firm that the pHe in hypercapnic ischemic rats was similar to or even lower than that in hyperglycemic rats. For details on pHe measurements, see Katsura et ai. (1992) .
Values are expressed as means ± SD. Statistical com parisons were made with Student's t test for physiological variables and with the Mann-Whitney test for histological data. Figure 1 shows typical pHe records, and Table 1 summarizes data on plasma glucose, P aco2, and pHe. Hyperglycemic animals had a mean plasma glucose concentration of 19 mM, and hypercapnic animals a P aco2 of about 290 mm Hg. In hypergly cemic animals, the pHe fell to 6.4. In hypercapnic animals the rise in Pco2 per se reduced the pHe to 6.5, and the additional decrease during ischemia was only 0.15 pH units. However, pHe values were similar in hyperglycemic and hypercapnic animals. Table 2 demonstrates physiological data in ani mals intended for histopathological analysis and records the rise in Paco2 in hypercapnic animals. Temperature and plasma glucose were similar in the two groups. The significant differences in blood pressure and P02 are considered of no significance for the outcome.
RESULTS
Representative histological photomicrographs from the neocortex, hippocampus, and caudoputa men are shown in Fig. 2 unequivocally that hypercapnic, normoglycemic animals showed exaggerated damage following 10 min of ischemia. This was evident in all three re gions studied. Normocapnic animals showed the usual variability in CAl damage (8-98% of cells af fected), but in hypercapnic rats cell damage was invariably 90% or more. Only two normocapnic an imals showed slight damage to the caudoputamen, but only one hypercapnic subject lacked such dam age, and some had extensive cell necrosis. Interest ingly, one hypercapnic animal showed CA3 dam age, and three had thalamic lesions (not shown). Also, two animals had very extensive neocortical Notably, no animal showed damage to the SNPR. It is of considerable interest that the hypercapnic animals subjected to ischemia failed to show post ischemic seizures and that they survived the 7-day recovery period. A few of the animals had a sub stantial loss of body weight. These proved to be the ones with the most severe damage, suggesting that the weight loss was secondary to extensive brain damage. Figure 3 summarizes the histological scores in rats with normocapnic, normoglycemic ischemia, as well as in those with hypercapnic, normoglyce- E " z mic ischemia, all allowed 7 days of recovery. As observed, hypercapnic animals had significantly more brain damage than normocapnic rats in all re gions examined (caudoputamen, CAl , and neocor tex) (p < 0.01, Mann-Whitney test).
DISCUSSION
As discussed in the introduction, hyperglycemia has been assumed to exert its adverse effects by exaggerating lactic acidosis (Siesjo, 1988; Siesjo et aI., 1993) . The evidence is circumstantial, however, and is based mostly on the fact that preischemic hyperglycemia exaggerates both intra-and extracel lular acidosis (Siemkowicz and Hansen, 1981; Smith et aI., 1986; Katsura et aI., 1992) . Although the concept of acidosis-related damage is fairly well established, it has been criticized on the following bases.
(1) Postischemic recovery is not correlated with the reduction in intracellular pH; (pH;) during isch emia. The evidence supporting this argument de rives both from 3 1 P-nuclear magnetic resonance (NMR) measurements in normoglycemic cats whose short-term electrophysiological and meta bolic recovery was correlated with random varia tions in pHi during ischemia (Behar et aI., 1989) and from experiments on dogs whose preischemic plasma glucose concentration was deliberately var ied (Hum et aI., 1991a) . Hum et ai. (1991a) con firmed that the exaggerated pHi change in hypergly cemic animals was associated with impaired short term recovery. However, the important point made was that extreme hypercapnia did not duplicate the effects of hyperglycemia, suggesting that pH per se was not the critical factor (Hum et aI., 1991b) . A potential objection to the conclusions drawn is that short-term recovery may correlate poorly with final (2) There is a poor correlation among plasma glu cose, tissue lactate, and postinsult metabolic recov ery in hypoxia/ischemia. The primary data for this model were reported by Welsh et ai. (1983) , How ever, as pointed out previously (Siesjo, 1988) hyp oxia/ischemia creates an open system in which ei ther H + or lactate -, or both, can be exchanged between tissue and blood; thus, it is not known if pHi and pHe are changed in proportion to the mea sured lactate contents.
(3) A marked reduction in pH does not lead to cell damage. The major evidence supporting this argu ment is derived from experiments with supercarbia (PaC02' -750 mm Hg), and 3 1 p_NMR measurements of pHi (Xu et aI., 1991) . This is an interesting ob servation, but its relationship to ischemic brain damage is far from clear. It has been demonstrated in both nonneuronal cells (see Pouyssegur et al., 1984) and neurons or glia (Kraig et al., 1987;  N oren berg et aI., 1987) that a lowering of pH per se is lethal. However, unless the exposure to acid solu tions is very long, the pH must be reduced below 6, i.e., to values not usually reached in ischemia. This suggests that if a lowering of pH to less extreme values is detrimental to recovery following isch emia, it is because acidosis works in conjunction with other events, such as calcium "overload" or oxidation/reduction changes.
(4) Acidosis is not necessarily harmful in condi tions of hypoxia/ischemia since it reduces cellular calcium influx and aborts excitotoxic damage in vitro. In this area, the primary observation was that acidosis reduces N-methyl-D-aspartate (NMDA) currents and, thereby, calcium influx via NMDA receptor-gated channels (Tang et ai., 1990; Trayne lis and Cull-Candy, 1990; Vyklicky et ai., 1990) . It was subsequently shown that acidosis also amelio rates excitotoxic and anoxic cell death in primary neuronal cultures (Giffard et ai., 1990; Tombaugh and Sapolsky, 1990) . It is unclear at present how such findings relate to in vivo conditions. For example, although the NMDA antagonist dizocilpine maleate (MK-801) markedly reduces the rate of increase in intracellu lar calcium concentration of CAl cells during fore brain ischemia (Silver and Erecifiska, 1990) , MK-801 does not ameliorate damage due to this type of ischemia (Diemer et ai., 1990; Buchan et ai., 1991; Nellgard et ai., 1991) . Furthermore, exaggerated ac idosis due to hyperglycemia or hypercapnia retards calcium uptake by cells during ischemia, and this effect is duplicated by MK-801 (Kristian, Katsura, Gido, and Siesjo, submitted for publication), yet the present results show that exaggerated acidosis ag gravates damage.
In the present experiments, hypercapnia was in duced so as to reduce the pHe during ischemia to values encountered under conditions of hyperglyce mia. This proved to be possible, as the pHe was reduced to 6.34 in hypercapnic, normoglycemic an imals subjected to ischemia, values similar to those measured in normocapnic, hyperglycemic animals during ischemia (pH 6.40). Very likely, pHj values are lower but change in parallel with the pHe (Kat sura et ai., 1992) .
The question arises whether the effects of hyper capnia documented in this study are due solely to the reduction in pHe (and pHj) or are due to other events, circulatory or metabolic, elicited by the raised Pco2• In fact, two questions must be posed. First, can such events explain why hypercapnic, normoglycemic animals show more tissue damage than nomocapnic, normoglycemic ones? Second, can they explain why hypercapnic, normoglycemic animals show less damage than normocapnic, hy perglycemic ones?
It is very unlikely that the increase in blood flow induced by hypercapnia in nonischemic animals could reduce ischemic damage (for a given decrease in pH), since ischemia was induced at a blood pres sure of 50 mm Hg in all groups and since the Pco2 and pH during ischemia must have been similar to those in hyperglycemic ischemia. Thus, intrais chemic cerebral blood flow, which is low [<5% of control (see Smith et ai., 1984) ], could hardly have been altered by the preischemic hypercapnia (COz induced vasodilation is remarkable enough at the level of 180 mm Hg, which is easily reached during normocapnic ischemia). This also makes it unlikely J Cereb Blood Flow Metab, Vol. 14, No.2, 1994 that glucose delivery during ischemia varied be tween the normoglycemic groups. In this context, we also conclude that the higher tissue oxygen ten sions in hypercapnic animals are unlikely to have influenced the results, e.g., by triggering free radi cal reactions. Thus, animals breathing 100% oxygen do not show more postischemic damage than nor moxic ones (Agardh et al., 1991) .
Hypercapnia in normoxic animals, particularly if excessive, reduces the glycolytic rate and leads to the consumption of endogenous carbohydrate and amino acid substrates (Folbergrova et ai., 1974 (Folbergrova et ai., , 1975 Miller et ai., 1975) ; at high CO2 tensions cel lular oxygen utilization is also reduced (Bemtman et ai., 1979) . These results are akin to those ob served in barbiturate anesthesia. It is likely, though, that they are secondary to effects of low pH on Na +, K +, and Ca 2 + conductances, and as already stated, hypercapnia and hyperglycemia aff ect cal cium fluxes during ischemia similarly.
At a given plasma glucose concentration, hyper capnia raises the tissue glucose concentration somewhat; however, this rise should be counter acted by a moderate glycogenolysis (Folbergrova et ai., 1972 (Folbergrova et ai., , 1974 (Folbergrova et ai., , 1975 . Although this suggests that substrate stores should have been unchanged, di rect measurements of substrate levels and of intra ischemic lactate concentrations are justified.
In view of these results, we tentatively conclude that the effects of hypercapnia observed in the present study are due mainly to the exaggerated acidosis. The most important aspects of the present results are thus that they demonstrate an adverse effect of this acidosis and that they separate exag geration of cell damage and postischemic seizure incidence. In view of the present results, and of many previous results, it can be speculated that the enhanced acidosis is responsible for an exaggera tion of neuronal damage. Possibly, as has been pos tulated before, seizures arise because ischemia in hyperglycemic subjects leads to excessive damage to inhibitory, ,),-aminobutyric acid-ergic systems, as exemplified by the frequent damage to the SNPR (Inamura et ai., 1987; Smith et ai., 1988; Folber grova et ai., 1989) . In this context, it is clearly in teresting that SNPR damage was lacking in the present animals. Further experiments are required to settle whether this is because cell HC03 -con centrations are upheld in hypercapnic animals and whether such "sparing" of HC03 -could curb iron catalyzed free radical reactions (Siesjo et al., 1985; Rehncrona et ai., 1989; Hum et ai., 1991b) . , the United States Public Health Ser vice via the National Institutes of Health (5 RO! NS07838), and the Medical Faculty, Lund University, Lund, Sweden. The authors are grateful to Lillemor Lindestrom for skillful technical assistance.
